Introduction
Long-term storage of oral tissue specimens in liquid nitrogen (Liq N 2 ; )196°C) for future usage has been extensively implemented in dental laboratories. Human dental pulp stem cells (hDPSCs) have been reported to sustain their potency after a month of cryopreservation in liq N 2 and a culture is attained up to passage 25 (1) . Additionally, Papaccio et al. (2) demonstrated that after storage in liq N 2 for 2 years, hDPSCs were still capable of differentiation into woven bone tissues. Hence, the banking of freshly digested hDPSCs is clinically possible for future usage.
Perry et al. (3) reported that hDPSCs isolation is feasible even 120 h after tooth extraction. Therefore, immediate isolation of hDPSCs for successful banking after tooth extraction may not be absolutely required. However, hDPSCs have been chiefly isolated from cryopreserved healthy molar and premolar teeth, as well as from their undigested dental pulp tissue (3) (4) (5) (6) (7) ; however, to our knowledge, they have not yet been isolated from other tooth types. Thus, the recovery of viable hDPSCs after cryopreservation of intact teeth and their undigested dental pulp tissue suggests that only minimal processing may be needed for the banking of tooth samples with no plans for immediate usage.
As aforementioned, the cryopreservation of tooth types other than permanent premolars and molars for future recovery of hDPSCs has not yet been studied, and additionally, the culturing of hDPSCs from diseased but vital teeth after cryopreservation has not been investigated. The aim of the current study was therefore to isolate hDPSCs from various tooth types of diseased but vital teeth using two different modalities for the cryopreservation of dental pulp tissues prior to the isolation of stem cells, and then compare these with hDPSCs acquired from freshly derived dental pulp tissues.
Materials and methods

Study population
All samples were obtained with the approval of the Institutional Review Board of our Institution. A cohort of 50 samples (average age, 25.5 years; range, 6-74 years; male to female ratio, 1:18) of diseased but vital teeth were randomly divided into Group A (freshly derived dental pulp tissues, n = 20), Group B (liq N 2 -stored dental pulp tissues, n = 20), and Group C (liq N 2 -stored intact teeth, n = 10) ( Table 1) .
The mean age of Group A (20 samples) was 26.5 years, ranging from 6 to 74 years; the mean age of Group B (20 samples) was 23.4 years, ranging from 6 to 49 years; and for Group C (10 samples), the mean age was 27.7 years, ranging from 8 to 52 years. The male to female ratios of Groups A to C were 1:1.5, 1:3, and 1:1, respectively.
Group A: Freshly derived hDPSCs hDPSCs digestion
Dental pulp tissues were extracted from the samples of group A (n = 20) using an endodontic file (Fig. 1A-D) . The extracted pulp tissues were digested in collagenase type I (3 mg ⁄ ml; Invitrogen, Carlsbad, CA, USA) and dispase (4 mg ⁄ ml; Invitrogen) for 1 h at 37°C. The resulting cell suspensions from the tooth samples were filtered through a 40-lm cell strainer (Falcon, BD, Franklin Lakes, NJ, USA) and single-cell suspensions were then cultured in a medium containing a-Minimal Essential Medium (MEM) (Hyclone, Logan, UT, USA), 20% fetal bovine serum (Hyclone), 100 lM L-ascorbic acid-2-phosphate (Sigma, St Louis, MO, USA), 100 units ⁄ ml penicillin (Sigma) and 100 lg ⁄ ml streptomycin (Invitrogen). hDPSCs were cultured at 37°C with 5% CO 2 . Fresh medium was replaced every 2 days and 80% confluence was achieved for optimal cell harvesting (8, 9).
Stem-cell characterization
Colony forming unit (CFU). Third-passage hDPSCs from the extracted pulp tissues for all the successful isolation samples of group A were seeded in a 6-well plate at 40 single cells per well in three replicates. After 2 weeks of culture, the cells were fixed in 10% buffered formalin for 10 min and stained with 3% (v ⁄ v) crystal violet (Sigma) for 5 min. The cells were washed twice with distilled water and the number of colonies was counted as previously described (8, 9) .
Growth rate analyses. The proliferation rate was determined by plating the isolated hDPSCs at passage 3 at 25 000 cells per well of a six-well plate for all the successful isolation samples of group A. Three replicates of each cell line were made, and cells were passaged and counted at 72 h. A cell count was performed before the next passage and 25 000 cells were plated as described; the process was then repeated for a total of four passages. The proliferation rate was calculated by dividing the total cell number at 72 h of culture by the initial plating number, 25 000 (8, 9) . Adipogenic, osteogenic and chondrogenic differentiation. For adipogenic differentiation, third-passage hDPSCs for all the successful isolation samples of group A were seeded at 400 cells ⁄ cm 2 on a 35-mm diameter tissue culture dish for 11 days in hDPSC medium. On day 11, the hDPSC medium supplemented with 5.0 lg ⁄ ml insulin, 50 lM indomethacin, 1 lM dexamethasone and 0.5 lM IBMX was replaced, followed by subsequent replacement every 3-4 days for 3 weeks. The culture was then fixed in 4% paraformaldehyde (PFA) followed by Oil-Red-O staining (8, 9) . For osteogenic differentiation, the cells were prepared as described above for adipogenic differentiation until day 11. From day 11, the hDPSCs medium supplemented with 1 nM dexamethasone, 20 mM b-glycerolphosphate and 50 ng ⁄ ml L-thyroxine sodium pentahydrate was replaced every 3-4 days for 3 weeks. The culture was then fixed in 4% PFA followed by Alizarin Red S staining (8, 9) . For chondrogenic differentiation, 2.5 · 10 5 hDPSCs were centrifuged in a 15-ml conical tube at 1000 g for 5 min. The pellet was maintained in the hDPSCs medium supplemented with 10 lg ⁄ ml ITS-X (Invitrogen), 5.35 lg ⁄ ml linoleic acid, 1.25 lg ⁄ ml bovine serum albumin, 1.0 lg ⁄ ml dexamethasone and 10 ng ⁄ ml TGF-b 3 (Chemicon, Temecula, CA, USA). The medium was replaced with fresh medium every 3-4 days for 4 weeks. The pellets were then fixed in 4% PFA overnight, and paraffin-embedded tissue sections (4 lm) were stained with alcian blue (8, 9) .
Flow cytometry. Third-passage hDPSCs for all the successful isolation samples of group A were divided into six fluorescence-activated-cell sorting (FACS) round-bottom tubes (Becton Dickinson Falcon, Sunnyvale, CA, USA) at 2 · 10 5 cells ⁄ tube and stained with IgG-fluorescein isothiocyanate (FITC)-conjugated or phycoerythrin (PE)-conjugated anti-CD14, -CD29, -CD34, -CD45, -CD90 or -CD105 (Beckman Coulter, Marseille, France, 20 ll each). After a 20-min incubation at ambient temperature in the dark, cells were washed twice with 2 ml FACS washing solution of phosphate-buffered saline (PBS) containing 0.1% FBS and 0.1% NaN 3 and centrifuged for 5 min at 230 g. The supernatant was then removed and cells were fixed with 1% formaldehyde (in PBS). Respective immunoglobulin G (IgG) isotype-matched controls (Beckman Coulter) were used as negative controls. All data were analyzed as previously described (9, 10) .
Reverse transcription-polymerase chain reaction (RT-PCR). RT-PCR for third-passage hDPSCs derived from all the successful isolation samples of group A was carried out using a DNA thermal cycler (TaKaRa MP, Tokyo, Japan). First, total RNA was obtained using an RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA), followed by reverse transcription of the mRNA according to the procedure provided by SuperScript III (Invitrogen). The resulting cDNA was subsequently used for PCR amplification. The PCR reactions were performed using specific oligoprimer sets designed to determine the expression of stem-cell markers (Oct4, A circumference groove of 0.5-1.0 mm in depth was cut around the entire tooth (arrows) using an aseptic high-speed handpiece bur after cleaning the tooth surface with DPBS (A). The tooth was split using a chisel (B), dental pulp was then exposed (C) and the underlying pulp tissue was extracted using an endodontic file. The tissue was then placed in a container containing Dulbecco's phosphate-buffered saline for subsequent culture (D). Cryopreservation vial containing an intact tooth (E).
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Rex-1 and Nanog) and differentiation markers (Nestin and Osteonectin) ( Table 2 ). The amplification cycle consisted of 3 min at 94°C, 25 s at 94°C, 30 s at 62°C and 50 s at 72°C, repeated 40 times, followed by 3 min at 72°C. Five oligoprimer sets were employed and GAPDH was used as the positive control (9, 10). Additionally, RT-PCR of PPARc messenger RNA, indicating the adipogenic lineage of the hDPSCs of the diseased tooth samples, was performed. Briefly, the PCR conditions were 60.5°C annealing with the forward oligoprimer (5'-CAG TGG GGA TGT CTC ATA A-3') and reverse oligoprimer (5'-CTT TTG GCA TAC TCT GTG AT-3') for 35 cycles, producing a PCR product of 391 bp. GAPDH was again used as the positive control (9).
Group B: Liq N 2 -stored dental pulp tissues As shown in Table 1 , the dental pulp of 20 tooth samples was exposed and the underlying pulp tissues were extracted using an endodontic file (Fig. 1A-D ). The pulp tissues were then directly immersed in 1.0 ml culture medium with 10% dimethyl sulfoxide (DMSO) in 2.0 ml cryovials for 2 h at 4°C to attempt full equilibration of the permeable tissues. These vials were then subjected to a dump-freezing process at )1°C ⁄ min for over 8 h in )80°C and stored in liq N 2 for 30 days prior to recovery for isolation procedures. For recovery of cells, vials were thawed in a 37°C water bath, and the thawed pulp tissues were washed with PBS and then transferred to hDPSC culture medium. hDPSCs were then isolated and third-passage hDPSCs for all the successful isolation samples of group B subsequently characterized as stated for the samples of group A.
Group C: Liq N 2 -stored intact teeth As indicated in Table 1 , 10 intact tooth samples were directly immersed into 1.0 ml culture medium with 10% DMSO in 2.0-ml cryovials for 2 h at 4°C to achieve complete equilibration of the permeable tissues (Fig. 1E) . These vials were then subjected to a dumpfreezing process at )1°C ⁄ min for over 8 h at )80°C and stored in liq N 2 for 30 days prior to recovery for the isolation of hDPSCs.
For the recovery of hDPSCs, vials were thawed in a 37°C water bath and the thawed teeth were washed with PBS and then transferred to hDPSCs culture medium. The teeth were subsequently processed as described in group A to extract and digest the pulp tissue to isolate the hDPSCs. The stem-cell characterization analyses described for the samples of group A were then performed for third-passage hDPSCs for all the successful isolation samples of group C.
Statistical analyses
Analyses of the differences between groups in terms of distributions and growth rates were performed by MANOVA using JMP 6.0 (SAS Institute Inc., Cary, NC, USA).
Results
The success rate for the isolation of hDPSCs was 100% for groups A and B, but successful isolation and subsequent tissue culturing was obtained for only two samples of group C (i.e. a success rate of 20%).
After the first or second passage, a homogenous population of hDPSCs was established and maintained for groups A-C. The morphology of the resulting cell cultures of groups A-C was predominantly long and spindle-shaped ( Fig. 2A) . After 14 days of culture, the CFU efficiency was 80% for all samples of groups A-C (Fig. 2B,C) .
The hDPSCs of groups A-C had a high proliferation rate during the early passages, but decreased gradually in culture. For group A, at passage 3, hDPSCs proliferated at 14.8 ± 6.1-fold per 72 h and by passage 6 the rate had decreased to 3.8 ± 1.1-fold per 72 h. For group B, hDPSCs proliferated at 15.5 ± 8.2-fold per 72 h and by passage 6 the rate had decreased to 3.9 ± 1.3-fold per 72 h. For group C, the average proliferation rate of third-passage hDPSCs was 9.2 ± 3.7-fold per 72 h and by passage 6 the rate had decreased to 4.5 ± 0.2-fold per 72 h (Fig. 3) . Because of the low success rate for group C (20%, only two samples), this group was excluded from the statistical analyses. There was no statistically significant difference in proliferation rate between group A and group B as analyzed by MANOVA (P > 0.05). However, there were no significant differences between the proliferation rates of hDPSCs respectively with age, gender and tooth position for group A (MANOVA, P > 0.05, respectively). Similarly, for group B, no significant differences between the proliferation rates of hDPSCs with age, gender and tooth position respectively were noted (MANOVA, P > 0.05, respectively). Furthermore, in Table 2 Oligoprimers used for stem-cell and differentiation markers the MANOVA statistical analyses of the combined groups A and B, neither age, gender, tooth position nor cryopreservation condition were statistically significant with proliferation rate (P > 0.05, respectively). Noteworthy, hDPSCs from all the successful isolation samples of groups A-C, up to passage 15 cultures could be maintained in the current study. Hence, there seems to be no passage limit difference for group C respectively with group A and group B.
The isolated hDPSCs for all successful isolation samples (groups A-C) showed positive results in terms of osteogenic differentiation with Alizarin red S staining (Fig. 4A) . Adipogenesis was confirmed by the formation of fat droplets upon Oil-Red-O staining (Fig. 4B) . Furthermore, chondrogenic differentiation was shown to be positive for the hDPSCs by alcian blue staining (Fig. 4C) . Additionally, the expression of stem-cell (Nanog, Rex-1 and Oct-4) and differentiation (osteonectin, nestin and PPARc) markers was identified for the isolated cell cultures (groups A-C) by RT-PCR analysis using specific primer sets (Fig. 5) . Finally, hDPSCs derived from groups A-C revealed a high expression of bone-marrow mesenchymal stem-cell markers (CD29, CD90, CD105) and a very low expression of hematopoietic cells markers (CD14, CD34, CD45) (Fig. 6 ).
Discussion
hDPSCs have been reported to exist in inflamed human dental pulp (11); however, the degree of severity of pulpitis does not exactly correlate clinically with tooth vitality, especially for multi-root canals in which part or all of the pulp tissue has actually become necrotized. Hence, to avoid controversy regarding the experimental design, pulpitis teeth were excluded in the current study.
Periodontitis, inflamed malaligned teeth, pericoronitis and root resorption are common dental diseases that may result in tooth extraction. Supernumerary teeth, with an incidence varying between 0.45% and 3% (12) , may also undergo extraction. Hence, tooth extraction caused by these dental diseases is a daily clinical practice. However, the incidence of complicated crown fractures with dental pulp exposure ranges from 4.6% to 24.4% (13) (14) (15) . Dental pulp tissue removal during root canal therapy due to pulp exposure for crown fractures is also a routine dental practice. Unfortunately, the extracted teeth are often discarded as contaminated waste and the extirpated dental pulp tissues are also usually thrown away. Hence, attempting to cryopreserve the extracted teeth and the extirpated pulp tissues for hDPSCs isolation would be beneficial.
Reviewing the English-language literature, to our knowledge, previous research into the cryopreservation of hDPSCs has chiefly focused on healthy permanent third molars and premolars (3) (4) (5) (6) (7) . To our knowledge, there is a lack of detailed data focusing on the exploration of hDPSCs from the other types of tooth, Cryopreserved hDPSC from diseased vital teeth particularly for diseased but vital teeth. The isolation of hDPSCs from a cohort of diseased but vital human teeth encompassing periodontitis, supernumerary teeth, inflamed malpositioned teeth, root resorption and pericoronitis, as well as fractured teeth, as successfully demonstrated in the current study, certainly further expands the potential sources of hDPSCs. Additionally, previous study results taken together with our findings indicate that immediate processing for successful banking of hDPSCs after extraction may not be absolutely required, which will aid the development of future protocols for the clinical banking of hDPSCs. However, we found that the successful recovery rate of hDPSCs after storage of intact teeth in liq N 2 was only 20%. These data are similar to the results of Woods et al. (4) , who were able to establish cultures from seven of 10 frozen whole teeth, but only two were readily expandable and functioned similarly to freshly isolated cells. The significant discrepancy in the recovery rate of hDPSCs between cryopreserved dental pulp tissues (group B, 100%) and cryopreserved intact teeth (group C, 20%) is probably caused by the fact that a higher level of cryopreservation, protecting against agent penetration, could have been attained for the isolated dental pulp tissues as compared with intact teeth. It has been shown that water is readily capable of being released and penetrating isolated dental pulp tissues during the development and melting of ice in tissue that has not been entrapped within the inflexible dentin structure of the intact tooth (3, 4) . Recently, Zhurova et al. (16) showed that hDPSCs expressed the gap junctionforming protein (Connexin-43) and upon intracellular ice formation retained membrane integrity; however, they lost the ability to proliferate. Nevertheless, for the present study, despite the two different cryopreservation methods having different rates of recovery on primary culture, hDPSCs obtained by these two modalities had similar growth rates (passage 3 sub-culture) and potency properties. However, Lee et al. (7) recently reported the use of a novel programmable freezer coupled with a magnetic field for the cryopreservation of intact premolars, revealing a successful hDPSCs isolation rate of 73%.
Although there have been low rates of successful isolation of hDPSCs from intact teeth after cryopreservation, whole teeth have been successfully cryopreserved and thawed for the purpose of reimplantation (17, 18) . Temmerman et al. (5) proved that cryopreservation of human pulp tissue would be possible if the cryoprotective agent could reach the entire pulp. Consequently, if a novel cryopreservation modality could be invented, as demonstrated by Lee et al. (7) , improvements in cryopreservation efficiency could be attained. Then, the banking of whole extracted teeth may be feasible, with multipotent hDPSCs being cultured only when needed for clinical use. Moreover, future research in this area, such as the cryopreservation of cell-infiltrated scaffolds, would further shed new light on the application of potential storage techniques and the banking of hDPSCs.
Finally, although it was not the main objective of the present study, our data also indicated that there are no differences between hDPDCs derived from young or old patients regarding growth rate and stem-cell features such as the ability to undergo osteogenic, chondrogenic, and adipogenic differentiation.
In conclusion, we have demonstrated that hDPSC cultures could be established by isolating cryopreserved dental pulp tissues from various tooth types, as well as from diseased but vital teeth, using a digestion and culture protocol after thawing.
